Purpose: To correlate the concentration of plasma coagulation markers at baseline and during follow-up in patients with solid tumors and venous thromboembolic disease with the risk of recurrence and death.
INTRODUCTION
Thrombotic complications are among the most common causes of death in patients with cancer. It is estimated that venous thromboembolic disease occurs in ϳ6.8% of patients with an underlying malignancy (1) . A constellation of factors rather than a single event contributes to the hypercoagulable state of cancer. Chemotherapy, surgery, immobilization, and the presence of comorbid conditions are associated with increased risk of clotting in these patients (2) (3) (4) . However, the leading factor that predisposes cancer patients to thrombosis seems to be related to the interaction of tumor cells with the hemostatic system (5, 6) . Cancer cells possess a host of procoagulant properties mediated through excessive release of angiogenic factors, cytokine release as well as direct effect on the vessel wall. Coagulation activation in cancer patients is evident by increased generation of thrombin shown by measurable hemostatic markers such as prothrombin fragment 1 ϩ 2 (F1 ϩ 2), thrombin antithrombin complex, and D-dimer (5) (6) (7) (8) .
Despite the well-described occurrence of venous thromboembolic disease in malignancy, the subject of anticoagulation in cancer patients continues to be an interesting one (9 -12) . In this study, we prospectively assessed the use of oral anticoagulation in patients with malignancy. The objective was to evaluate the utility of certain hemostatic markers in patients undergoing oral anticoagulation.
PATIENTS AND METHODS
Inclusion and Exclusion Criteria. Between 1997 and 2003, patients with solid tumors and a diagnosis of first episode of venous thromboembolic disease were enrolled in this prospective study. Eligible patients had to be 18 years of age or older. Performance status was graded as per Eastern Cooperative Oncology Group. Patients with a performance status Ͼ2 were not included in the study. The diagnosis of extremity deep venous thrombosis was established with Doppler ultrasonography and/or venography. Ventilation-perfusion scan, spiral tomo-gram, or pulmonary angiogram was used to confirm the diagnosis of pulmonary embolism. Patients were excluded from the study if they had a diagnosis of primary tumor of the central nervous system, history of thromboembolic disorder, platelet count Ͻ80.000/mm 3 at the time of venous thromboembolic disease, history of a hemorrhagic disorder, or if there was evidence of disseminated intravascular coagulation. Patients with metastatic lesions to the brain were not excluded. The study was approved by the Institutional Review Board, and patients signed an informed consent.
Anticoagulation. All of the patients received initially unfractionated or low molecular weight heparin followed by warfarin. In general, warfarin was started 24 to 48 hours after heparin at a dose of 5 to 7.5 mg adjusted for international normalized ratio between 2 to 3. The average overlap between heparin and warfarin was 9 days. The duration of oral anticoagulation was predetermined at 6 months or as long as risk factors for thrombosis persisted. Immobilization and/or occurrence of venous thromboembolic disease while receiving chemotherapy were considered indications for oral anticoagulation beyond 6 months.
Coagulation Studies. Blood samples for prothrombin time, international normalized ratio, and activated partial thromboplastin time were measured on the automated MLA Electra 1600 C instrument with photo-optometric clot detection system. Standard therapeutic range for international normalized ratio is 2.0 to 3.0, and normal activated partial thromboplastin time is 22 to 32.5 seconds. The D-dimers were assayed by semiquantitative agglutination of mouse anti-D antibody-coated latex particles (American Bioproducts, Parsippany, NJ); normal value Ͻ0.5 g/mL. Prothrombin fragment 1 ϩ 2 was determined by Enzygnost F1 ϩ 2 (Dade Behrings, Marburg, Germany). Thrombin-antithrombin complex was done with antithrombin assay (Enzyme Research, Inc., South Bend, IN). The D-dimer, prothrombin F1 ϩ 2, and thrombin-antithrombin were obtained before anticoagulation (baseline) at the 3-month interval during anticoagulation and at 2 weeks and 3 months after discontinuation of warfarin. Each measurement consisted of three sequential blood samples obtained at 0, 1, and 24 hours with the average of the three values reported as one measurement.
Definition of Variables. Outcomes assessed in this study included the utility of plasma levels of coagulation markers in relation to the risk of recurrence of venous thromboembolic disease and death. Measurements of D-dimer, prothrombin F1 ϩ 2, and antithrombin over sequential time points would circumvent the bias produced by abnormalities in coagulation markers that may be caused by the acute thrombotic event. Therefore, evaluation of the rate of change in these values is more meaningful than reporting absolute numbers.
Major bleeding was defined as a drop in hemoglobin concentration by Ն2 g/dl, the need for transfusion support, or any serious hemorrhage such as intracranial or intra-abdominal bleeding. Bleeding episodes requiring medical attention, but not fulfilling the above definition, were considered as minor bleeding. A recurrent thrombotic event was defined as absence of compressible vein in a previously confirmed compressible venous segment on ultrasound or a new venographically demonstrable intraluminal filling defect.
Statistical Analysis. Two-sample t test and
2 test were used to compare patients with and without bleeding or with and without recurrence. For categorical variables, odds ratios and the corresponding 95% confidence intervals were also produced. Logistic regression was used for univariate and multivariate analysis. In the multivariate analysis, we used stepwise regression to select significant variables. The rate of decline of plasma coagulation markers over time was estimated by regression. These rates, together with their respective standard errors, were then compared between groups, such as recurrence versus no recurrence, chemotherapy versus surgery or radiation, and alive versus dead.
RESULTS

Characteristics of Patients.
A total of 223 patients with solid tumors and venous thromboembolic disease were enrolled into this study. The median age of the 111 men and 112 women was 57 years (range 29 to 81 years). There were 45 patients (20%) with breast cancer, 39 (18%) with lung cancer, 38 (17%) with genitourinary cancer, 36 (16%) with colorectal cancer, 32 (14%) with head and neck cancer, 19 (9%) with sarcoma, and 13 (6%) with liver cancer. The baseline clinical and laboratory data of all of the patients are shown in Table 1 . Conditions that contributed to the poor performance status of patients with stage I/II tumors included congestive heart failure, severe pulmonary disease, diabetes with complications, severe coronary artery disease, progressive arthritis, renal failure, and chronic liver disease. The median follow-up of the patients was 23 months (range 2 weeks to 44 months).
Anticoagulation. The median duration of oral anticoagulation was 6.7 months (range 2 weeks to 11 months). The average number of international normalized ratio measurements per patient was 11. The percentage of time spent in international normalized ratio 2 to 3 was 76%, international normalized ratio Ͼ3 was 16%, and international normalized ratio Ͻ2 was 8%. Major bleeding episodes occurred in 18 patients (8%; 3.6/100 patient years), whereas minor hemorrhagic events were observed in 15 patients (6.7%; 3/100 patient years). The median time from initiation of warfarin until the presentation with bleeding was 8 weeks (range 4 to 19 weeks). The median international normalized ratio in patients with major hemorrhage compared with those without bleeding was 3.9 versus 2.95 (P ϭ 0.001). A significantly higher proportion of patients with advanced cancer had major bleeding episodes when compared with patients with early or localized malignancy (P ϭ 0.032; odds ratio 2.4; 95% confidence interval 1.1, 5.4). Patients undergoing surgery (P ϭ 0.05; odds ratio 1.43; 95% confidence interval 0.18, 1.04) and patients with poor performance status (P ϭ 0.001; odds ratio 3.3; 95% confidence interval 1.5, 7.0) were more likely to have major bleeding complications. The presence of metastatic liver disease and administration of chemotherapy, P ϭ 0.39 and P ϭ 0.58, respectively, did not correlate with an increased risk for bleeding.
Recurrence of Venous Thromboembolic Disease and Coagulation Markers. The characteristics of patients with recurrence are shown in Table 1 . Recurrence of venous thromboembolic disease was diagnosed in 31 patients (14%) with an overall incidence of 6.42/100 patient years. The median time of recurrence was 7.3 weeks (range 3 to 12 weeks). The difference in time to achieve therapeutic international normalized ratio between patients with and without recurrent venous thromboembolic disease was not statistically significant (P ϭ 0.73). (Table 2 ; Fig. 1 ). In multivariate analysis, performance status and D-dimer levels were predictive of recurrent thrombosis; P ϭ 0.01 and P ϭ 0.001, respectively.
During the study period, 76 (34%) patients died. Of these patients, 67 (88%) had advanced or metastatic tumors and 23 (30%) had recurrent venous thrombosis of the lower extremity (17 patients) or pulmonary embolism (4 patients). Death was attributed to tumor progression in 65 (85.5%) of the patients and to pulmonary embolism in 2 of the patients. Intracranial and gastrointestinal bleeding was the cause of death in 2 patients, and acute renal failure and sepsis was the cause of death in 3 patients. The cause of death was not clear in 3 patients. Higher median baseline levels as well as upward trend in the sequential determination of the coagulation markers (Figs. 1) were observed in the 76 patients who died: D-dimer (7.8 versus 4.2 g/mL; P ϭ 0.001), prothrombin F1 ϩ 2, 7.1 versus 3.7 nmol/l; P ϭ 0.001), and thrombin-antithrombin (8.8 versus 5.3 ng/mL; P ϭ 0.001). Persistent activation of coagulation, as indicated by higher serial levels of these markers, was also detected in the 105 patients who received chemotherapy (Figs. 1) .
DISCUSSION
In the current study, we evaluated the time course of markers of in vivo hypercoagulability in patients with cancer and a diagnosis of venous thromboembolic disease while undergoing anticoagulation with warfarin. We have shown in this trial that the persistent elevation or slower rate of decline in plasma coagulation markers correlated strongly with recurrence of venous thromboembolic disease. In particular, our finding in regards to D-dimer levels as a marker of persistent hemostatic activation and a predictor of recurrence of thrombosis is confirmatory to a recent report by ten Wolde et al. (13) . The D-dimer represents the degradation products of fibrin that have been crosslinked by activated factor XIII. Activation of factor XIII requires the presence of thrombin, and increase in the levels of D-dimer indicates thrombin generation. It is important to note that D-dimer levels can be elevated in cancer patients even in the absence of venous thromboembolic disease, but the magnitude of this elevation is much less than what is observed in patients diagnosed with venous thromboembolic disease. Also, the negative predictive value for D-dimer in patients with cancer and venous thromboembolic disease may vary, depending on the assay used (14) . Therefore, serial measurements of D-dimer are expected to be more informative in regards to outcome than a single isolated level. The time course of D-dimer levels in the current study was in parallel with thrombin-antithrombin and prothrombin F1 ϩ 2. However, both thrombin-antithrombin and prothrombin F1 ϩ 2 are not routine tests in clinical practice. Prothrombin fragment F1 ϩ 2 is generated during the conversion of prothrombin to thrombin by activated factor X, whereas the thrombin-antithrombin complex is formed during inhibition of thrombin by antithrombin. Therefore, these two tests reflect activation of the coagulation system and subsequent thrombin release. The upward trend in plasma levels of D-dimer, prothrombin F1 ϩ 2, and thrombin-antithrombin over the sequential time points of anticoagulation correlated strongly with an increase risk of death in this investigation. It is interesting that similar observations on the correlation between activation of blood coagulation, as reflected by increased generation of fibrinopeptide A, and poor outcome of patients with cancer have been reported by Rickles et al. (15) ϳ20 years ago. The persistent elevation of these markers in cancer patients may represent an increasing tumor burden and possibly failure to respond to the therapeutic maneuvers targeted against the underlying malignancy. This is an important observation because the majority of our patients died because of tumor progression rather than bleeding or recurrence. This argument is counterbalanced by the fact that these patients had less opportunity to develop complications of anticoagulation because of their short survival. This is in accordance with the findings from a recent study where death of 90% of patients with venous thromboembolic disease was attributed to cancer progression (16) .
To address the incidence of recurrence and bleeding in patients with cancer, few studies have been selected for comparison with the current trial ( Table 3 ). It is possible that differences in the design and the population of patients in these studies have contributed to some disagreement in the final results. For example, two of the cited studies (10, 17) evaluated patients with and without malignancy, and in both studies, patients with genitourinary and gastrointestinal tumors comprised the majority of patients with cancer, whereas in the current study, the predominant tumors were breast and lung. The types of tumors reported in the current series correspond well with the distribution of these cancers in the United States. It is important to note, however, that in accordance with our results, the extent of the underlying malignancy was observed to be a risk factor for both recurrence and bleeding in one study (17) .
While the preparation of this manuscript was in progress, Lee et al. (16) reported their interesting observations from a study comparing low molecular weight heparin versus oral anticoagulation for the prevention of recurrence of venous thrombotic disease (CLOT study). The findings from the CLOT study show convincingly that low molecular weight heparin is superior to oral anticoagulation in terms of preventing recurrence of venous thromboembolic disease and with comparable risk of bleeding. The risk of recurrence in patients receiving oral anticoagulation was double the rate observed in patients on low molecular weight heparin (15.7 versus 8%). Because our trial was a single-arm study, it is difficult to compare these 2 studies directly. However, it is important to address the difference in the cohorts in both trials. Specifically, 68% of the patients in the study by Lee et al. (16) had metastatic disease versus 56% in the current study. This may account for the slightly lower rates of recurrence and mortality in our patients compared with those receiving oral anticoagulation in the CLOT investigation. These differences may have some clinical impact. Although it is clear from the CLOT data that low molecular weight heparin is superior to oral anticoagulation, it is possible that a subset of patients with cancer and venous thromboembolic disease may derive similar benefit from warfarin. These are mainly the patients with early stage tumors and with good performance status. Without clear evidence, it is intriguing to hypothesize that the favorable results obtained with the use of low molecular weight heparin may be, in part, related to a greater influence on coagulation activation.
Because of the obvious difference in the cost of low molecular weight heparin versus warfarin, this issue deserves additional investigation. Finally, in agreement with other studies, our results showed that the majority of clotting and bleeding events in cancer patients occur during the early period of anticoagulation (9 -11). Therefore, careful monitoring, especially during this period, is warranted for those patients who are at increased risk for these complications.
In summary, our study investigated both clinical and biochemical factors that predicted complications of oral anticoagulation with warfarin in cancer patients. Because of the exclusion criteria, the current trial did not guarantee enrolling the patients in a consecutive manner. This might have impacted on the estimation of the risk of bleeding and recurrence of venous thromboembolic disease, especially because patients with a performance status Ͼ2 were not enrolled. However, the exclusion of some patients should not influence the factors predicting recurrence and outcome because all of the variables were entered in regression analysis. Our study showed that persistent activation of hemostasis, as indicated by in vivo markers, seems to correlate strongly with an increased risk for recurrence and poor outcome. It is not clear whether this is a function of resistant malignancy and failure of anticoagulation or other factors related to cancer development and thrombogenesis. This qualification aside, successful anticoagulation with warfarin cannot be viewed as a binary outcome; for example, resolution of thrombi does not indicate remission of cancer. On the other 
